2 collective surface charge carrier dynamics of copper indium gallium selenide NCs as a function of the surface trap states before and after surface passivation in real space and time using S-UEM. The time-resolved snapshots clearly demonstrate that the density of the trap states is significantly reduced after zinc sulfide (ZnS) shelling. Furthermore, removal of trap states and elongation of carrier lifetime are confirmed by the increased photocurrent of the self-biased photodetector fabricated using the shelled NCs.
KEYWORDS. 4D scanning ultrafast electron microscopy, surface traps, charge carrier dynamics, CIGSe, semiconductor nanocrystals, shelling 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   3 With their manifold tunable properties and cost-effective versatile chemical processability, research in colloidal semiconductor nanocrystals (NCs) have spanned from vast materials systems to their widespread applications in light emitting diodes, sensors and light harvesters. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] However, due to high surface-to-volume ratio of these NCs, the large number of unpassivated atoms on their surfaces lead to the formation of highly dense trap states, which serve as undesirable, non-radiative deactivation channels for photo-generated charge carriers. [11] [12] [13] [14] [15] This often acts as a bottleneck in the use of these NCs for photoactive applications. Typically, multinary metal chalcogenides possess many desirable attributes, such as high absorption coefficient and high photo-stability for optoelectronic applications, [16] [17] [18] [19] [20] [21] and a record power conversion efficiency of 21 .7% has been obtained in the bulk form following physical deposition techniques, 22 which is close to the efficiency of polycrystalline silicon solar cells. But, when it comes to nanoscale, the presence of multiple trap states and the lack of the knowledge about their ultrafast carrier trapping dynamics limit their efficiency in device-based applications. 16, [23] [24] [25] [26] Various surface passivation techniques, e.g., treatment with different ligands or shelling with higher bandgap materials, have been tried to reduce the detrimental effects of surface-related traps. 24, [27] [28] [29] [30] [31] [32] [33] [34] [35] However, in order to design more efficient passivation strategies for photoactive materials for any applications, precise knowledge about the surface charge carrier dynamics is a prerequisite.
Ultrafast pump-probe spectroscopic techniques have been the most commonly used method to monitor the presence of carrier trapping channels in the NCs in real time. [36] [37] [38] [39] Recently, ultrafast transient absorption microscopy techniques have also been developed for spatial and temporal visualization of charge carrier dynamics in semiconductor materials. [40] [41] [42] However, in these cases, the relatively large penetration depth of the laser beam allows dynamical information to be 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   4 obtained mainly from the bulk of the sample. Therefore, selective mapping of ultrafast dynamical processes on the surfaces of semiconductor NCs remains a key challenge, and out of reach of purely optical time-resolved probing techniques. A new era of spatiotemporal imaging started with the invention of four dimensional (4D) ultrafast electron microscopy, which merged unprecedented spatial resolution with the time-resolved technique. [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] In particular, the invention of scanning ultrafast electron microscopy (S-UEM) provided the unique opportunity to selectively map charge carrier dynamics on the surface of a material with nm spatial and subpicosecond temporal resolutions. [56] [57] [58] [59] [60] [61] [62] In S-UEM, the optical pulse generated from a femtosecond (fs) laser system is used to generate electron packets from the tip of the scanning electron microscope, instead of the continuous electron beam used in the conventional setup. This pulse is synchronized with another optical excitation pulse that initiates carrier dynamics in the sample (Scheme 1). The principle of S-UEM is to detect the secondary electrons (SEs) generated in the sample, which having the most probable energy range of 2-5 eV and are emitted from the first few nanometers of the top surface. 63 Constructed at different time delays between the optical and electron pulses, these SE images give direct and precise information about the carrier dynamics on the surface of the material of interest. CIGSe nanocrystals are synthesized following high temperature precursor injection technique.
The cation and anion precursors are prepared separately to ensure complete dissolution. In a typical procedure, cation precursors are dissolved separately in amine and then mixed altogether with thiol to get the thiolate complex of the precursors. [64] [65] A highly reactive Se precursor by dissolving selenium in 1:1 mixture of amine and thiol is used instead of the typically used selenium-oleylamine mixture. 66 For ZnS shelling, a modified literature method was followed. 24 Details of the synthesis procedure are provided in the Experimental Section. Figure 1(a) shows the steady-state absorption and emission spectra of CIGSe NCs before and after ZnS shelling. Absence of any clear peak in the absorption spectrum and broadness of the emission peak in these multinary NCs respectively arise due to the presence of inherent intrabandgap defect states and the radiative recombination taking place via these internal defect states. 23, [67] [68] This has been commonly referred as donor-acceptor pair recombination in the literature. 23, [67] [68] The weak intensity of emission for CIGSe NCs suggests the presence of an abundance of non-radiative channels presumably due to presence of surface states. After ZnS shelling, though no change is observed in the absorption spectrum, a noticeable increase in the emission intensity is observed, providing indication of removal of the non-radiative carrier trapping states present in the bandgap of the NCs. show tetragonal structures (Supporting Information, Figure S2 ). To determine the charge carrier dynamics at the surface of the NCs, we took 4D S-UEM images of the thin films of CIGSe NCs before and after shelling. A schematic diagram of the 4D
S-UEM setup is provided in Figure S4 of the Supporting Information; detailed information on the principle of its operation has been published elsewhere. 56, 59 Briefly, the output of a fs Clark- and 343 nm pulses. The 343 nm output is directed and tightly focused onto the emitter tip, which photo-generates electron pulses that are then accelerated using a 30 kV voltage. The 515 nm output enters the microscope through a viewport that is at a 50-degree angle relative to the surface normal and is focused on the specimen to initiate the dynamics. The scanning process of the electron beam takes place across the surface of the sample, both the laser excited and unexcited regions in raster pattern, and the SEs emitted from the sample are detected by a positively biased Everhart-Thornley detector. The SE images are obtained as an integration of 64 frames with a dwell time of 300 ns at each pixel to improve the signal-to-noise ratio. Finally, all experiments are conducted at a repetition rate of 8 MHz to ensure full recovery of the specimen before the arrival of the next pulse. Figure 2 shows the time-resolved SE images obtained from the CIGSe NC thin film before and after shelling at different time delays after 515-nm excitation pulse. No change in the image contrast is observed at the far negative time delays (-327 ps), indicating the recovery of the system to the initial state after each pump-probe event. As can clearly be seen in both samples, a dark contrast evolves in the laser-illuminated region with time. The dark contrast at negative time can be attributed to the diffusion of plasmon-excited carriers that are generated from deeper areas of the sample by electron impact, which can be perturbed by electron-hole pairs generated by the clocking photon pulse, or to different scattering processes. 58, 62 At positive time delays, the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 9 optical pulse promotes a fraction of the valence-band electrons to the conduction band.
Compared with electrons in an unexcited specimen, the promoted electrons have a higher probability of emitting SEs to the vacuum level when they are scattered by the energetic primary electron beam, which results in an enhanced probability of SE emission and should give rise to bright contrast in the laser illuminated region, as observed in case of Si or CdSe. 56 However, the dark contrast observed here suggests that SEs in the conduction band lose energy during transit to the surface and they do not reach the detector because of an energy deficit. 58, [61] [62] In this case, scattering processes with photo-generated electron-hole pairs are most likely responsible for the energy loss. As the effective cross-section for the scattering of SEs with conduction electrons is much higher than that with valence electrons, 58, 61-62 a decrease in SE emission and, subsequently, low contrast are observed. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 (~40 µm). No observable change in the contrast at far negative time delays indicates the recovery of the system to an equilibrated state after each pump-probe event. The inset shows the dynamics of the temporal evolution of the SE intensity at the center of the laser footprint region. The SEM images for the thin films of the nanocrystals have been provided in the supporting information ( Figure S5 ).
In spite of the SE signal being dark in both samples, it is clear that the signal fades away much faster for CIGSe than for CIGSe-ZnS, indicating fast carrier relaxation in the former. To extract the carrier dynamics, we plot the SE intensities from the center of the laser excitation footprint as function of the time delays between optical and electron pulses (inset, Figure 2 ). The pulse energy of the pump beam is 0.06 nJ at the sample. Within the time window of the experiment, the SE intensity fades away almost completely from CIGSe whereas only 40% of the signal fades away from CIGSe-ZnS. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Bottom panel: Kinetics of the wavelength at the center of the corresponding ground-state bleach from the TA spectra of the NCs. The solid lines are fits for kinetic traces.
We further compared our imaging results with carrier dynamics obtained from ultrafast pumpprobe spectroscopy with fs and broadband capabilities for the NCs before and after Zn-S treatment. It is worth mentioning that a low pump fluence (the average number of photons absorbed per NC was less than 0.2) was used in all experiments. The probability of the formation of multi-exciton states through multi-photon absorption was therefore negligible. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 pump-probe spectroscopy, which acquires information from the bulk of the sample, whereas the SEs emitted from the first few nms of the top surface are detected by 4D S-UEM, which allows any dynamical changes in the surface to be more prominently recognized. We also measured the TA spectra of the CIGSe-ZnS NCs in the nanosecond time scale following 520 nm optical excitation. The kinetics shows two time components of 5.11 ns and 152.11 ns (details provided in Supporting Information, Figure S6 ), both of which come from radiative recombination, as 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 13
The encircled area shows fast photocurrent decay of the CIGSe-based device during the initial illumination. (d) The spectral dependence of the Se and CIGSe-ZnS photodetectors (measured using external quantum efficiencies at zero bias).
As the charge carrier lifetime of any material has a direct impact on its light-harvesting properties, we compared the self-biased photo-detection performance of CIGSe NCs before and after shelling. We opted for a simple solution-processed, mesoscopic quantum-dot-sensitized design to reduce fabrication costs. The experimental details are given in the supporting information. Figure 4 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 14 illumination can be seen during repeated on-off cycles of illumination (encircled areas in Figure   S7 ). No such decay in the photocurrent was observed with the CIGSe-ZnS device and the nature of the photocurrent was determined to be similar to typical photoelectrochemical cells. 73 It has been proposed in literature that the observed photocurrent decay during the initial excitation period may arise from: (i) the inability of the hole-transporting materials to quickly scavenge photo-generated holes or (ii) dominant charge recombination/scattering at the NC/TiO 2 heterointerface or at grain boundaries within the mesoporous TiO 2 . 74 As the hole-transporting material in both of the devices remains same, the sharp decay of photocurrent in the CIGSe case suggests the presence of a large number of trap states in the CIGSe NCs, which promote photocarrier recombination at the CIGSe/TiO 2 interface. The slow increase in the photocurrent value after this sharp decay is most likely the signature of trap filling after a sufficient illumination time. Absence of a similar decay for CIGSe-ZnS device supports efficient removal of the carrier trapping states. To confirm the self-biasing behavior of our photo-detectors, we also measured the photovoltaic performance of both the devices. Almost two times higher efficiency of the CIGSe-ZnS device further substantiates the efficacy of ZnS shelling removing the non-radiative carrier trapping channels (details provided in Supporting Information, Figure S8 ). Further, the wavelength dependency of the photodetectors was studied by measuring the external quantum efficiency (EQE) of the CIGSe and CIGSe-ZnS devices by monitoring the photocurrent at different wavelengths at zero bias (Figure 4(d) ). The photocurrent value starts around 750 nm for both devices with a small blue shift for the CIGSe-ZnS device. The EQE value is remarkably higher for the CIGSe-ZnS device compared to that of the CIGSe one, indicating its higher efficiency. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 15
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To conclude, the ability to probe carrier dynamics on material surfaces and interfaces is a particularly challenging task. Here, we employ 4D S-UEM with sub-picosecond temporal 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Then, the reaction mixture was cooled down and the synthesized NCs were purified using ethanol as well as acetone as non-solvents and chloroform as a dispersing solvent.
Shelling of CIGSe nanocrystals with ZnS:
For shelling with ZnS, a modified method from the literature was followed. 24 In a typical procedure, a stock solution of 0.05 mmol Zn(OAc) 2 (0.009g) and 0.05 mmol S powder (0.0016g) dissolved in 0.5 mL ODE and 0.2 mL TOP. This solution was drop-wise added at 150 °C to the purified NCs dispersed in 0.5 g ODA and 8 mL of ODE. The reaction was then annealed for 10 min. Finally, the reaction mixture was cooled to room temperature, and the NCs were purified using ethanol as well as acetone as nonsolvents and chloroform as a dispersing solvent. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 24 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
